Purpose To investigate the effect of dose level and anatomical site of injection on the pharmacokinetics of rituximab in mice, and to evaluate the utility of a pharmacokinetic model for describing interspecies differences in subcutaneous absorption between mice and rats. Methods Rituximab serum concentrations were measured following intravenous and subcutaneous administration at the back and abdomen of mice. Several approaches were compared for scaling model parameters from estimated values in rats. Results The bioavailability of rituximab following subcutaneous injection was inversely related to the dose level and was dependent on the site of injection in mice. The overall rate of absorption was faster in mice as compared to rats. Subcutaneous absorption profiles were well described using the proposed structural model, in which the total receptor concentration, the affinity of rituximab to the receptor, and the degradation rate constant were assumed to be species independent. Conclusions Subcutaneous absorption processes show similar trends in rats and mice, although the magnitude differs between species. A mathematical model that combines the absorption of free and bound antibody with presystemic degradation successfully captured rituximab pharmacokinetics in both species, and approaches for sharing and scaling parameters between species were identified.
INTRODUCTION
Subcutaneous (SC) injection is a strategic route of administration for chronic delivery of therapeutic proteins, including monoclonal antibodies (mAbs), which provides several advantages over intravenous (IV) injection. However, its clinical implementation can be challenging owing to incomplete bioavailability and restrictions on the volume of single SC injection (1) (2) (3) . Optimization of the absorption rate and enhancement of the extent of absorption might be required for successful development of SC formulations for human use.
Overall absorption kinetics of proteins and mAbs reflects a complex interplay of multiple processes, including absorption through blood and lymphatic capillaries, transport through the interstitial space, specific and nonspecific binding, and presystemic degradation (1, (4) (5) (6) . Prediction of SC absorption of biotherapeutics in humans from preclinical experiments is largely unsatisfactory, mainly due to the limited understanding of the mechanisms of SC absorption and considerable interspecies differences (1, 7) . In particular, the structure of the skin and SC space might have a major impact on drug absorption. Although the systemic clearance of mAbs in humans can be predicted relatively well from cynomolgus monkeys (8) , no apparent relationships have been established for SC bioavailability among animals and humans. The bioavailability of mAbs in humans is often overestimated based on non-human primate data (1) , and examples of scaling absorption kinetics between species are scarce (9, 10) . Nonlinearities frequently observed in systemic pharmacokinetics and absorption of therapeutic proteins may further complicate data analysis and require the application of more mechanistic models (11, 12) .
A mathematical model has been developed to study absorption mechanisms of mAbs in rats using rituximab as a model drug (12, 13) . The bioavailability of rituximab following SC administration decreases inversely with the dose level, and this nonlinear behavior is assumed to manifest from saturation of FcRn-mediated protective binding at the absorption site (14) . Co-administration of rituximab with a relatively large dose of nonspecific IgG (both given SC) produces a significant decrease in the extent of rituximab absorption, which further corroborates this hypothesis. Moreover, pharmacokinetic modeling suggests that this binding might serve as one of the absorption mechanisms for mAbs. The important role of FcRn in the SC absorption of mAbs has been shown using FcRn-deficient mice and mAb variants engineered to exhibit altered affinity to FcRn (14, 15) . In addition to dosedependence, the anatomical site of injection has a major impact on the rate of absorption of rituximab in rats and also affects the bioavailability, which is in agreement with other therapeutic proteins (16) (17) (18) . The aim of this study is to investigate the effect of dose and anatomical site of injection on the pharmacokinetics of rituximab in mice. A secondary aim is to evaluate the utility of a previously developed pharmacokinetic model for describing interspecies differences in rituximab absorption between mice and rats.
METHODS

Animals
Male C57BL/6 mice, weighing 18-22 g, were purchased from the Jackson Laboratory Inc. (Bar Harbor, ME). This study was conducted in accordance with an approved protocol by the Institutional Animal Use and Care Committee at the University at Buffalo, State University of New York. Two or three animals were housed in each cage during the study with free access to standard food and water and maintained on a 12/12 h light/dark cycle. Mice were allowed to acclimate for 1 week before study initiation.
Experimental Procedure
Animals were divided into eight groups (n=8-10 each) according to the route of administration and dose level. Each animal received a single injection of rituximab (Rituxan®, 10 mg/mL; Genentech, Inc., San Francisco, CA) by either IV (1 and 40 mg/kg; tail vein) or SC routes (1, 10 and 40 mg/kg; mid back or mid abdomen). The volume of injection was 4 mL/kg (80 μL for 20 g mouse), and the commercially available formulation (10 mg/mL) was diluted with sterile normal saline for low doses. All injections were performed using 29 G needles.
Serial blood samples (15-20 μL) were obtained following drug administration (up to 5 weeks) from the submandibular vein under isoflurane anesthesia using nonheparinized microhematocrit tubes (Fisherbrand®, Fisher Scientific, Pittsburgh, PA). Four to six animals were sampled at each time point. Blood was allowed to clot at room temperature for 30-60 min, and serum was separated by centrifugation at 2000 g for 20 min at 4°C. Serum was divided into aliquots and stored at −80°C until analysis.
Analytical Assay
Quantification of rituximab in mouse serum samples was performed using ELISA. The method was used previously for rat serum (12) and was validated for mouse serum in this study. Briefly, rat anti-rituximab IgG2a (clone MB2A4; AbD Serotec, Raleigh, NC) and goat anti-human IgG-peroxidase conjugate (Fc specific; Sigma-Aldrich, St. Louis, MO) were used as capturing and detection antibodies. Plates were developed using o-phenylenediamine (SigmaFast TM OPD, SigmaAldrich, St. Louis, MO) and optical density was measured at 492 nm. Samples and standards were prepared at 1:100, 1:1,000, or 1:10,000 dilution using PBS+1%BSA and analyzed in duplicate. The working range of the assay was between 0.25 and 62.5 ng/mL. The calibration curves were fitted with a four-parameter logistic equation.
Pharmacokinetic Modeling
The model used to evaluate the pharmacokinetics of rituximab is based on a model previously developed for rats ( Fig. 1 ) (12) . The systemic disposition of rituximab is described by a two-compartment model with linear elimination. The dose is assumed to be administered directly into an absorption compartment (ABS). This differs from the original model, in which an injection compartment precedes the absorption compartment to describe an apparent absorption delay in rats. Such a delay was not observed in mice, and this component was removed from the mouse model. At the absorption site, free antibody (ABS free ) can bind to a receptor (R) to form a complex (DR=ABS tot −ABS free ), which is assumed to occur rapidly and characterized by the equilibrium dissociation constant (K D SC ). Free antibody (ABS free ) can also undergo degradation or absorption by first-order processes (k deg SC and k a1 ). The drugreceptor complex delivers antibody to the systemic circulation (C
RTX
) by a first-order process (k a2 ). The amount of total receptor at the absorption site was assumed to remain constant with time. Systemic disposition of rituximab includes nonspecific distribution (A t RTX ) and first-order elimination (k el ). The system is defined by the following differential equations:
with C RTX as the rituximab concentration in the central compartment (with volume V c ), A RTX t is the amount of rituximab in the peripheral distribution compartment, and k 12 and k 21 are the first-order transfer rate constants between the central and peripheral compartments. For intravenous administration, C RTX (0) was set equal to Dose/V c , and initial conditions for Eqs. 1 and 4 were set to zero. For SC administration, ABS tot (0) was set equal to the rituximab dose, and initial conditions for Eqs. 3 and 4 were set to zero.
Data Analysis
A standard noncompartmental analysis was performed for initial data evaluation using mean rituximab concentrationtime profiles. The maximum plasma drug concentration (C max ) and time to reach C max (T max ) were obtained directly from the experimental data. Terminal half-life, area under the concentration time curve from time zero to infinity (AUC, calculated by linear trapezoidal method), and mean residence time (MRT) were calculated for all data sets. Volume of distribution at steady state (V ss ) and clearances were calculated for the IV data sets. Noncompartmental analysis was performed using Phoenix™ WinNonlin® 6.1 (Pharsight, Mountain View, CA).
Several modeling iterations were evaluated to assess the use of the pharmacokinetic model for describing the absorption behavior of rituximab in mice. First, interspecies scaling of systemic disposition parameters was evaluated by applying the power law equation:
with P representing the parameter of interest, BW is body weight, and b is an allometric exponent. Mean body weights of 20 g and 375 g were used for mice and rats. The value of b was fixed to 1 for V c . For the first-order rate constants k el , k 12 , and k 21 , values of 0 and −0.25 were evaluated for the exponent (b). Results were compared to an independent fit of the mouse IV data using the two-compartment model. At the next stage, the absorption in mice was evaluated using two sets of parameters for systemic disposition: 1) the best scaling approach, and 2) the independently fitted parameter set. For the absorption model, the total receptor concentration (R tot SC ), the affinity of rituximab to the receptor (K D SC ), and the degradation rate constant (k deg SC ) were assumed to be species independent. The rate constants for the absorption of free and bound drug were estimated. Similarly to the rat model (13), a separate rate constant for absorption of the free drug was used for the abdomen and back injection sites; the rate constant for absorption of receptor bound-drug was shared between injection sites.
Model fitting and parameter estimation were performed using MATLAB R2012b (The MathWorks, Natick, MA) with the maximum likelihood method. The variance model was defined as VAR i =(σ 1 +σ 2 ·Y(θ, t i )) 2 , with VAR i as the variance of the i th data point, σ 1 and σ 2 are the variance model parameters, and Y(θ, t i ) is the i th predicted value from the pharmacokinetic model. The goodness-of-fit was assessed by system convergence, Akaike Information Criterion, estimator criterion value for the maximum likelihood method, and visual inspection of residuals and fitted curves.
RESULTS
Serum concentration-time profiles of rituximab following intravenous administration to mice (1 and 40 mg/kg) are shown in Fig. 2 , and the corresponding pharmacokinetic parameters obtained by noncompartmental analysis are listed in Table I . A slight nonlinearity was observed between the profiles, and dose-normalized concentrations at times 7, 14, and 21 days were statistically different (Student's two-tailed t-test, p<0.05).
The resulting values for the AUC are not dose proportional (Table I) . The half-lives of 8 and 11 days is shorter than the half-life observed in rats after IV administration (14 days) (12) . Noncompartmental clearance and volume of distribution at steady-state values are similar to values reported for rats (12) .
Mean serum concentration-time profiles of rituximab injected SC at the back (1, 10, and 40 mg/kg) and abdomen (1, 10, and 40 mg/kg) regions are presented in Fig. 3 . The corresponding pharmacokinetic parameters obtained by noncompartmental analysis are listed in Table II . For each of the injection sites, the dose-normalized profiles were not superimposable (data not shown). Injection at the abdomen resulted in a faster absorption as compared to the back injection site.
Several approaches for scaling the systemic disposition parameters of rituximab from the values estimated in rats were evaluated. The volume of the central compartment was assumed to be directly proportional to body weight in all cases (i.e., allometric exponent b=1). In Fig. 2a , all rate constants were kept identical between rats and mice, which corresponds to scaling of elimination and distribution clearances directly proportional to changes in body weight. Figure 2b shows two simulations, in which the elimination rate constant was scaled using an allometric exponent of −0.25 (corresponds to scaling of elimination clearance using exponent of 0.75) and distribution rate constants were scaled with an exponent of either −0.25 or 0. Both simulations demonstrate very similar profiles that underestimate the terminal half-life. The best prediction was obtained in the case in which the elimination rate constant was kept identical between species and the distribution rate constants were scaled using an allometric exponent of −0.25 (Fig. 2c) . The parameter values are listed in Table III . A better prediction of rituximab concentrations during the first 4 days was obtained as compared to using identical parameter values for mice and rats (Fig. 2a) . This combination of scaled parameters was utilized for assessing the absorption of rituximab in mice.
In addition to scaling approaches, a two-compartment model with linear elimination was independently fitted to the mouse data (Fig. 2d) . The fitted profiles were superior to any of the scaling approaches in describing the IV data. The final parameter values are listed in Table III , and these values were utilized in evaluating the absorption behavior of rituximab in mice as compared to using the scaled disposition terms (Fig. 2c) .
Model-fitted rituximab concentration-time profiles following SC administration at the back and abdomen injection sites are compared with the experimental data in Fig. 3 . Both disposition models resulted in similarly good descriptions of the SC experimental data. The estimated values for the rate of absorption of free and bound rituximab are similar (Table III) . Utilization of independently fitted parameters for systemic disposition (solid lines) resulted in a slightly lower objective function as compared to the model with scaled parameters for systemic distribution, suggesting an improvement in model performance.
The final pharmacokinetic model ( Fig. 1) with scaled systemic disposition parameters was used to simulate the relative contribution of the two absorption pathways to rituximab SC bioavailability following administration at three dose levels at two absorption sites (Fig. 4) . In addition, the overall apparent bioavailability of rituximab after SC injection was calculated based on model projections (Table IV) . Similar to the rat study, the bioavailability was inversely related to the dose level and was also affected by the anatomical site of injection.
DISCUSSION
Mice and rats are the most commonly used animals in preclinical drug development, and it is important to understand the differences and similarities in the absorption behavior of mAbs in these rodent species for proper interpretation and integration into the development process. Development of common mathematical models and approaches for sharing (or scaling) of parameters among species may provide an efficient way for reconciling data from different species and predicting pharmacokinetic and pharmacodynamic properties in humans, as shown in recent studies with exenatide and amphotericin B (9, 19) . The binding of mAbs to their pharmacological targets can affect their pharmacokinetics (so called target-mediated drug disposition) (20) . Since rituximab targets CD20 on human B cells, the utilization of species that lack the pharmacological target can be advantageous for investigating kinetic processes that are regulated by common mechanisms for this class of compounds (e.g., large size and Fc region).
The final structural model for rituximab pharmacokinetics in mice (Fig. 1) is almost identical to the previously developed model in rats. The only difference in the structural model is the removal of a delay compartment for SC injections. Although the rat model included linear first-order disposition and neither rats nor mice express the pharmacological target for rituximab (i.e., human CD20), there is a slight nonlinearity in the IV pharmacokinetic profiles in mice (Fig. 2) . Hence, additional model permutations were evaluated in an attempt to improve model performance, such as incorporating FcRnmediated endosomal recycling of mAbs at the systemic level (21) . This modification did not improve the fitted profiles for mouse pharmacokinetics after IV administration (data not shown), which is in agreement with a prior evaluation of this process in rats, in which the endosomal-recycling model provided fits that were similar to the those obtained using the standard two-compartment model and did not influence subsequent estimation of the absorption model parameters (13) . The pharmacokinetics of rituximab was also linear in nude mice following IV administration of 0.1, 1 and 10 mg/kg (Zhao, Kagan, Ovacik, and Mager unpublished data). Thus, for simplicity, further data analysis was performed using a standard two-compartment model with linear elimination to describe the systemic pharmacokinetics of rituximab.
Several common rules for scaling parameters of the twocompartment model were evaluated for predicting the IV pharmacokinetic profiles of rituximab in mice. The best projection of both the terminal slope and initial concentration was obtained with scaling the volume of distribution directly with body weight and setting the allometric exponent to −0.25 for the distribution rate constants (Eq. 5, Fig. 2c ). The elimination rate constant was shared between the two species. This is equivalent to scaling the systemic clearance directly proportional to body weight (i.e., CL=k el •V c and V c ∝ BW 1 ). The degradation of mAbs is an intracellular process (within the endosomal space), and so the clearance of the drug through this pathway may be species independent and proportional to body size. A similar approach was applied for scaling the internalization rate constant (a cellular process) for interferons and exenatide (9, 11) . This hypothesis is further supported by the independent fitting of the model to the mouse data (Fig. 2d) , which resulted in an estimate of k el that is similar to the prior estimated value in rats (0.125 vs. 0.137 day −1 , Table III ) did improve model performance, which is in contrast to findings for interferons and exenatide that exhibit species independent terms (9,11).
Overall, the SC absorption of rituximab in mice shows similar tendencies to the behavior of rituximab in rats. At both tested injection sites (back and abdomen), the extent of absorption was inversely related to the dose level (Table IV) ; however, the magnitude of the nonlinear absorption was less pronounced as compared to rats (12) . In addition, the absorption of rituximab from the abdomen was faster than at the back (T max values of 0.17-0.5 vs. 1-2 days), with a similar trend found in rats (1.5-2.2 vs. 2.5-4.6 days, respectively (12)).
Traditional allometric and model-based projections of interspecies pharmacokinetics of proteins and antibodies are usually focused on total systemic clearance and volume of distribution (8, 22, 23) . The scalability of the absorption kinetics has not been fully investigated, and available information is limited. The first-order absorption rate constant for pegylated erythropoietin following SC administration was estimated to scale with an allometric exponent of −0.147 (based on four species) (24) . The allometric exponent was calculated as −0.349 for the unmodified recombinant human protein (using erythropoietin data from rats, monkeys, and humans) (10) . Such conventional allometric relationships, however, do not account for dose-dependent pharmacokinetic processes (e.g., rituximab absorption). Sometimes separate values for the absorption rate constant or bioavailability are estimated for each dose level (25, 26) . Although useful for capturing observed data, this approach provides little insight into the mechanisms of drug absorption and cannot be effectively applied for interspecies scaling. Another approach is to scale model parameters that define a nonlinear process. For example, although the exact mechanism is unknown, the SC absorption of exenatide can be described using a Michaelis-Menten function, and species-dependent V max and Km terms were required (9) . Correlations between these parameters and body weight (for mice, rats, and monkeys) were successfully used to predict the SC pharmacokinetic profiles of exenatide in humans. In contrast to exenatide, involvement of the specific binding mechanism (i.e., FcRn) in the absorption of mAbs has been suggested (13) (14) (15) , which supports the use of the proposed model structure for rituximab (Fig. 1). a b Parameters were calculated using noncompartmental analysis of the mean concentration-time profiles. AUC area under the plasma concentration-time curve; C max maximal serum concentration; T 1/2 terminal half-life; MRT mean residence time; T max time to achieve C max The final pharmacokinetic model structure ( Fig. 1) provided good descriptions of the SC absorption of rituximab in mice (Fig. 3) . Due to the high degree of homology (91%) in the FcRn peptide sequence between mice and rats (27) , it was assumed that the binding affinity of FcRn to rituximab (K D SC ) was similar between the species. Furthermore, the amount of binding receptor and the first-order degradation rate constant at the absorption site were assumed to be the same. Utilization of scaled or independently estimated parameters for systemic disposition resulted in a minimal change in estimates of the absorption rate constants for free and bound rituximab (within 2-fold, Table III) . Utilization of the model allowed for prediction of the relative contribution of the two absorption pathways into overall bioavailability at the two injection sites and for different dose levels (Fig. 4 and Table IV) . Receptormediated transport accounts for approximately 91, 63, and 32% of the absorption for the 1, 10, and 40 mg/kg doses injected at the back. The corresponding values for the abdomen injection site are 75, 37, and 15%.
A comparison of independently estimated first-order rate constants in mice and rats is shown in Fig. 5 . Interestingly, the absorption rate constants for free (k a1 ) and bound (k a2 ) rituximab at both injection sites scale similarly to the distribution rate constants. Data from additional species are required to qualify the interspecies relationships identified in (12) b Fixed to values previously estimated for rats (12) Fig. 4 Simulated percent of the rituximab dose absorbed as free (solid line) or bound (dashed line) drug following SC administration at the back and abdomen. Simulations were performed using the final model ( Fig. 1 ) with scaled parameters for systemic disposition (Table III) . this study. Only limited data on rituximab given by the SC route in humans is available, and several studies are ongoing (3, 28, 29) . However, these results can be potentially expanded for describing the absorption of other mAbs in rodents. Some methodological differences and limitations between this study and the prior analysis in rats must be considered. In the rat studies, the highest dose (40 mg/kg) was only tested after SC injection at the back site. Due to a limitation of the amount of blood that can be collected from a single animal, a staggered sampling design was used in the present mouse study (i.e., not all animals were sampled at each time point). Sampling limitations might have introduced additional variability in this mouse study as compared to the rat, in which repeated measurements are more feasible. Finally, the amount of endogenous IgG at the absorption site is considered to be negligible and does not interfere with the absorption process.
In summary, we evaluated the SC absorption of rituximab in mice and differences and similarities in absorption and systemic disposition between mice and rats. The SC bioavailability of rituximab in mice decreases with increasing dose levels, although the extent of nonlinearity was less pronounced as compared to rats. The anatomical site of SC injection also significantly affects the rate of absorption. A mathematical model that combines the absorption of free and bound antibody (presumably to FcRn) with pre-systemic degradation successfully captured rituximab pharmacokinetics in both species, and approaches for sharing and scaling parameters between species were identified. This study further emphasizes that a single dose level may not be sufficient for investigation of species differences in the SC absorption of mAbs. Further research is needed to define suitable ranges of dose levels and standardization of study designs for assessing the SC pharmacokinetics of mAbs in preclinical experiments.
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